Abstract: Granulocyte macrophage colony-stimulating factor (GM-CSF) promotes infarct expansion and inappropriate collagen synthesis in a myocardial infarction (MI). This study was designed to determine if treatment with anti-GM-CSF will inhibit macrophage migration, preserve function, and limit left ventricular (LV) remodeling in the rat coronary artery ligation model. Treatment with a monoclonal antibody to GM-CSF (5 mg/kg) was initiated 24 hours before coronary artery ligation and continued every 3 days for 3 weeks. Left coronary arteries of rats were ligated, animals were recovered, and cardiac function was evaluated 3 weeks postligation. Tissue samples were processed for histochemistry. Anti-GM-CSF treatment increased LV ejection fraction (37 6 3% vs 47 6 5%) and decreased LV end systolic diameter (0.75 6 0.12 vs 0.59 6 0.05 cm) with no changes in LV systolic pressure (109 6 4 vs 104 6 5 mm Hg), LV end diastolic pressure (22 6 4 vs 21 6 2 mm Hg), LV end diastolic diameter (0.96 6 0.04 vs 0.92 6 0.05 cm), or the time constant of LV relaxation tau (25.4 6 +2.4 vs 22.7 6 1.4 milliseconds) (P , 0.05). Significantly lower numbers of tissue macrophages and significant reductions in infarct size were found in the myocardium of antibody-treated animals (81 6 21.24 vs 195 6 31.7 positive cells per 0.105 mm 2 , compared with controls. These findings suggest that inhibition of macrophage migration may be beneficial in the treatment of heart failure after MI.
INTRODUCTION
Heart failure is a leading cause of morbidity and mortality in developed nations. 1 Left ventricular (LV) remodeling is the alteration of myocardial structure and function that occurs after myocardial infarction (MI) and results in progression to heart failure. The LV remodeling after MI is associated with structural changes involving extracellular matrix, 2,3 fibrosis, 4 cellular damage, 5 and cell death. 6, 7 This ultimately leads to LV dilatation, thinning, and scarring of the infarcted myocardium and compensatory hypertrophy of noninfarcted myocardium. 8 Although the exact role of inflammation in LV remodeling and heart failure is not well understood, inflammatory cytokine levels are elevated in heart failure and become more prominent with a concomitant decline in myocardial function. [9] [10] [11] [12] Peripheral monocytosis is associated with LV dysfunction 13 after MI and is one of several important independent predictors of the progression to heart failure in survivors of MI.
14 Mononuclear cells (monocytes and macrophages) are integral to the infarct and wound healing process through a cascade of events that involve matrix turnover, growth factors, and cytokines.
Granulocyte macrophage colony-stimulating factor (GM-CSF) is one of a family of cytokines/growth factors that has a potent effect in upregulation, proliferation, and maturation of monocytes and macrophages. 15 GM-CSF induces peripheral monocytosis, upregulates monocyte chemoattractant protein-1 (MCP-1) levels, 16 and plays an important role in monocyte transendothelial migration. 17 GM-CSF and its receptor levels are elevated in patients with advanced dilated cardiomyopathy. 18, 19 In addition, GM-CSF has been shown to facilitate postinfarct expansion and heighten early postinfarction LV remodeling in the rat. 20, 21 The aim of this study was to determine the role of GM-CSF in the progression to heart failure after acute MI by blocking its activity with a specific anti-GM-CSF antibody.
MATERIALS AND METHODS

Mab518 Anti-Granulocyte Macrophage Colony-stimulating Factor Monoclonal Antibody
Murine antirat GM-CSF monoclonal antibody 83329 was obtained from R&D Systems (MAB518, R&D Systems, Minneapolis, MN). The antibody neutralizes the activity of rat GM-CSF in a murine DA-3 cell proliferation assay (50% inhibitory concentration value [IC 50 ] , 0.8 mg/mL for neutralization of 0.5 ng/mL rat GM-CSF).
Experimental Design
Normal adult male Sprague-Dawley rats (8-10 weeks old; Harlan, Indianapolis, IN) were enrolled in the study after being assigned random study numbers and were selected in a random and blinded fashion for treatment and evaluation. Rats were randomized into 3 groups: sham surgery, MI with saline control, or treatment with anti-GM-CSF (5 mg/kg, MAB518) 24 hours before MI and 5 mg/kg 3 times per week for 3 weeks, delivered intraperitoneally. End points were measured at 3 weeks after MI. The experiments were performed in an American Association for Accreditation of Laboratory Animal Care-accredited facility with approval from the animal use committees of the Southern Arizona Veterans Affairs Health Care System and the University of Arizona (Tucson, AZ).
Detection of Mab518 Anti-Granulocyte Macrophage Colony-stimulating Factor Monoclonal Antibody in Serum
Enzyme-linked immunosorbent assay plates (Costar, Corning, Inc, Lowell, MA) were coated with recombinant rat GM-CSF at 50 ng per well in 50 mL phosphate buffered saline (PBS) for 1 hour at 37°C and blocked with 5% powdered skimmed milk (Marvel, Premier Foods, St Albans, Hertforshire, United Kingdom) in PBS, Tween-20 (PBST) for 1 hour at 37°C. Serial dilutions of serum samples were added to the plates for 1 hour and compared to Mab518 standard, starting at 500 mg/mL. Wells were washed 3 times with PBST and polyclonal goat antimouse IgG-HRP (1:2000 in PBST, Dako, Carpinteria, CA) was added at 50 mL per well for 45 minutes at room temperature, wells were washed 3 times with PBST, once with PBS, and 100 mL of 3,3#,5,5# tetramethyl benzidine (TMC reagent) (Sigma, St. Louis, MO) added. Reactions were stopped with 100 mL of 2M H2SO 4 , and the absorbance at 450 nm was measured. Data were analyzed by Prism 5.0 software and concentrations calculated by comparison to the antirat GM-CSF standard curve.
Myocardial Infarction Model
Heart failure was created in rats using standard published techniques from our laboratory. [22] [23] [24] In brief, rats were anesthetized with ketamine and acepromazine and a left thoracotomy performed. The heart was expressed from the thorax and a ligature placed around the proximal left coronary artery. The heart was returned to the chest and the thorax closed. The rats were maintained on standard rat chow, water ad libitum and pain medication postoperatively. Infarcted rats undergoing this procedure have large MIs averaging 40% of the ventricle. 25, 26 The lungs were inflated, the chest closed, and the rat allowed to recover. Sham surgery animals were anesthetized, left thoracotomy performed, but litigation of the proximal left coronary artery did not occur.
Hemodynamics
Hemodynamics were measured using previously published methods from our laboratory. [22] [23] [24] 26 In brief, rats were anesthetized with inactin (100 mg/kg intraperitoneal injection) and placed on a specially equipped operating table with a heating pad to maintain constant body temperature. After endotracheal intubation and placement on a rodent ventilator, a 2F solid state micromanometer tipped catheter with 2 pressure sensors (Millar, Houston, TX) was inserted via the right femoral artery, with one sensor located in the LV and another in the ascending aorta. The pressure sensor was equilibrated in 37°C saline before obtaining baseline pressure measurements. After a period of stabilization, LV and aortic pressures, and heart rate were recorded and digitized at a rate of 1000 Hz using a PC equipped with an analog-digital converter and customized software. From these data, LV dP/dt and the time constant of LV relaxation (tau) were calculated.
Echocardiography
Open-chest intrathoracic echocardiography was obtained at baseline and 3 weeks after coronary artery ligation. A Vingmed, Vivid 7 System (GE Ultrasound, Waukeasha, WI) echo machine was used equipped with EchoPac programming software and a 10-MHz transducer with views obtained in the parasternal short-axis view. These images were digitized in sequential frames for 2-dimensional and M-mode measurements of LV dimensions throughout the cardiac cycle. The anterior wall was noted as the infarcted segment; the posterior wall was noted as the noninfarcted segment.
Left Ventricular Ejection Fraction
Linear measurements to determine LV performance such as ejection fraction (EF) were obtained by M-mode in the short-axis view. Cursor placement was performed in diastole and systole through the interventricular septum, the internal dimensions of the LV, and the posterior wall in its minor axis.
Left Ventricular Pressure-Volume Relationships
LV pressure-volume relations were measured as previously described from our laboratory. 25, 27 In brief, at the end of the study, the heart was arrested with potassium chloride, and a catheter consisting of PE-90 tubing with telescoped PE-10 tubing inside was inserted into the LV via the aortic root. One end of the double-lumen LV catheter was connected to a volume infusion pump (Harvard Apparatus, Holliston, MA), whereas the other end was connected to a pressure transducer zeroed at the level of the heart. The right ventricle was partially incised to prevent loading on the LV. The LV was filled (1.0 mL/min) to 60-100 mm Hg and unfilled while pressure was recorded onto a physiologic recorder (Gould Instruments, Valley View, OH); ischemic time was limited to 10 minutes, the volume infused was a function of filling rate.
Histochemistry
After hemodynamic measurements, formaldehyde fixed tissue samples from both treatment groups (antibody treated and untreated, saline controls) were processed for histochemical evaluation using markers specific for activated tissue macrophages (CD68) and microvasculature elements (Griffonia simplicifolia lectin). These samples were subsequently evaluated using quantitative morphometry to report the number of activated tissue macrophages per unit area and the number of microvascular profiles per unit area.
Fixed tissue samples were dehydrated, brought to paraffin, and block embedded. Sections (6 mm) were subsequently processed for histochemical evaluation. These sections were reacted with anti-CD68 antibody, a marker for activated monocytes and macrophages (Serotec, clone ED1, Raleigh, NC) used at a final dilution of 1:100. Primary antibody was visualized using a secondary antibody with a peroxidase reaction product recognition system (Universal mouse kit; Dako, Inc., Carpinteria, CA). Separate sections were evaluated using the Griffonia. simplicifolia lectin to identify vascular elements (peroxidase conjugated lectin-Gs-1; EY Laboratories, San Mateo, CA used at a final concentration of 1:100). The Gs-1 lectin binding was visualized using a peroxidase reaction product. For both histochemical techniques (CD68 and Gs-1), a methyl green counter stain was used to identify background nuclei.
Microvessel Density/Inflammatory Cell Density
Variability in the size and extent of the infarct in the current model is known to result in hearts that have various degrees of myocardial damage. This variability could influence quantitative results. Therefore, sections from each treatment group (antibody treated and untreated saline controls) were first grossly selected for an obvious thinned myocardial wall that represents significant myocardial damage. In this way, all sections evaluated had similar degrees of resulting myocardial damage. Next, sections were blind coded and randomized for subsequent quantitative morphometry evaluation.
For microvessel density counts, the number of cross sectional and longitudinal blood vessel profiles per high powered field (HPF = 0.105 mm 2 using a 325 objective) were counted. Three random HPF counts were taken within the thinned myocardium (n = 3 per group). The criteria for the positive count of a vessel were (1) positive Gs-1 reaction, (2) an identifiable lumen, and (3) within the designated high magnification. A micrometer was used to calibrate each image. Each image was individually imported into an Image Analysis Software Program (Image J 1.39u, National Institutes of Health, USA), calibrated, and then evaluated for microvessel density counts. A 2-tailed Student's t-test was used for statistical comparisons.
For inflammatory cell density counts, the numbers of CD68 positive reacting cells were quantified using the same above procedures where 3 random HPF counts were taken within the thinned myocardium (n = 5 per group). A 2-tailed Student's t-test was also used for statistical comparisons.
Infarct Area and Percent Infarct Measurements
For infarct area and percent infarct measurements, trichrome-stained cross sections were digitally scanned using the Aperio ScanScope CS whole-slide digital scanner (n = 5 per group). Measurements and calculations were collected on each whole-slide digital scan using the ImageScope Software v10.0.36.1808. A 2-tailed Student's t-test was used for statistical comparisons.
Statistics
Data were expressed as mean 6 standard error (SE). For the physiologic and echocardiographic measurements, Student's t-test was used for single comparison of Sham versus other study groups. Interactions were tested using 2-way analysis of variance, intergroup differences were evaluated using the Student-Newman-Keuls test for statisticalsignificance. Pressure-volume relations were evaluated using multiple linear and polynominal regression analysis. The correlation of statistical difference was based on the DurbinWatson statistic, F-statistic, P value (P , 0.05), and variance coefficients.
RESULTS
Study Mortality Rates
Mortality rates in this study were 42% and 46% in untreated control animals and in anti-GM-CSF-treated animals, respectively.
Echocardiographic Changes in Left Ventricular Function and Dimensions
The data on global LV function and dimension are shown in Figures 1-3 . Figure 1 illustrates that anti-GM-CSFtreated animals had a significant increase in LV EF compared with untreated animals. These EF values were not returned to control Sham surgery levels; however, they were significantly higher compared with those of untreated animals that fell below the 40% EF value, which indicates that these animals had progressive heart failure. Figure 2 shows that the LV end systolic diameter in anti-GM-CSF-treated animals was statistically lower compared with untreated controls; this finding is consistent with the differences in LV EF (Fig. 1) and again supports the observation that untreated control animals had worsened in condition, more consistent with a heart failure etiology. No difference in LV end diastolic diameter (Table 1) was detected. These data suggest that the primary mode of action of the antibody therapy influences systolic events in the cardiac cycle.
In Vivo Hemodynamics
No changes in LV systolic pressure or LV end diastolic pressure in anti-GM-CSF-treated animals and untreated control animals were found (Table 1 ). This indicates that there is no afterload reduction resulting from the anti-GM-CSF. Table 1 also reports no change in the time constant of LV relaxation tau. This suggests that there is no change in the relaxation component of diastolic function.
Detection of Mab518 Anti-Granulocyte Macrophage Colony-stimulating Factor Monoclonal Antibody in Serum
Rat sera were collected 1 day after the last administration of antibody, and the concentration of Mab518 in the serum was determined using a GM-CSF-binding enzyme-linked immunosorbent assay. All animals had detectable levels of Mab518 in the serum at this time point (9.2 mg/mL to .1 mg/mL, median = 272 mg/mL), indicating that functional anti-GM-CSF antibody was maintained throughout the course of the study in all animals.
Histochemistry and Morphometry
Evaluation of the Gs-1 lectin-reacted sections did not demonstrate any differences between the 2 treatment groups. These data suggest that the anti-GM-CSF treatment did not affect microvessel density.
Hearts from rats treated with anti-GM-CSF demonstrated statistically fewer activated tissue macrophages in the region of the damaged myocardium compared with saline control animals (Fig. 3) (Fig. 4) .
Infarct Area and Percent Infarct
Representative trichrome-stained sections of LV cross sections from saline control and anti-GM-CSF-treated hearts illustrate structural differences between the 2 treatment conditions (Fig. 5) . Subsequent morphometry analysis using whole-slide digital scans revealed significantly larger infarct areas in saline-treated animals compared to anti-GM-CSFtreated hearts (10.48 6 2.69 mm 2 vs 6.01 6 2.58, respectively, P , 0.02). Additionally, the percent infarct area was statistically lower in anti-GM-CSF-treated hearts (16.39 6 8.53% vs 34.76 6 5.76%, P , 0.01, Fig. 6 ).
DISCUSSION
In this study, we report improvement in LV EF and an improvement in LV end systolic diameter in animals that received an antibody that neutralizes GM-CSF. Additionally, these treated animals had a decrease in the number of activated tissue macrophages, a reduction in infarct size and the percent of infarct area thus suggesting a more favorable outcome of LV remodeling after infarction. Finally, we report a reduction in the number of treated animals that progress to heart failure in animals treated with an antibody that neutralizes GM-CSF. The exact mechanism of this antibody mediated improvement in global LV function and reduction of LV remodeling is unknown; however, several mechanisms could be involved. As mentioned previously, LV remodeling after MI is the result of multiple processes including local ischemia leading to cellular damage and death, [5] [6] [7] oxidative stress, 28 changes in extracellular matrix, 2,3 and fibrosis. 4 MI is associated with the inflammatory process, which is necessary for healing and scar formation. 29, 30 This inflammatory process is one of the mechanisms that eventually leads to LV remodeling and progression of heart failure. Mononuclear cells play an integral role in this healing process. Previous studies have shown an association between peripheral monocytosis and worsening LV dysfunction with progression of heart failure. 13, 14 GM-CSF is a potent stimulator of monocytes and leads to peripheral monocytosis 15 and delays macrophage and monocyte apoptosis resulting in more persistent inflammation in the infarcted myocardium. 31, 32 Previously, Tanimoto et al 16 demonstrated that MCP-1 expression is enhanced by GM-CSF. MCP-1 is involved in the healing response after an acute coronary event, 33 and MCP-1 expression is markedly but transiently elevated after MI. [34] [35] [36] In addition, absence of MCP-1 leads to suppression of the inflammatory response and results in attenuated remodeling of the infarcted ventricle. 37, 38 Therefore, it is possible that treatment with anti-GM-CSF results in reduction in MCP-1 In other studies, neutralizing monoclonal antibodies have been used to inhibit neutrophil accumulation within the myocardium of an acute myocardial reperfusion injury model in canines. 39, 40 These studies help to validate the concept of utilizing a blocking antibody to inhibit specific inflammatory pathways that contribute to deleterious myocardial remodeling after a cardiac event. In one study, the mean size of the myocardial infarct was significantly reduced in anti-Mo1-treated animals 39 with no effect on regional blood flow. However, these studies did not report long-term cardiac function results due to the acute nature of the model.
Collagen synthesis and degradation play an important role in cardiac remodeling. Fibroblasts are stimulated after MI and cause fibrosis of both infarcted and noninfarcted regions of the ventricle. [2] [3] [4] Collagen turnover is enhanced after MI and increased collagen deposition at the site of myocyte necrosis play an essential role in preserving LV structure and function. 41, 42 Excessive collagen degradation and impaired fibrosis may lead to enhanced infarct expansion. 43, 44 The administration of romurtide, which is a potent GM-CSF inducer, leads to inhibition of collagen production in the infarcted region. 21 It could be probable that romurtide at lower concentrations may be cardioprotective or that anti-GM-CSF may exert the beneficial functional effect through some other mechanism.
Extracellular matrix is degraded by matrix metalloproteinases (MMP), which are markedly overexpressed after MI. The increase in MMP-1 expression and collagen degradation has been shown to be directly correlated with end diastolic volume and inversely correlated with LV function. 43 In addition, MMP-9 knockout mice or those treated with MMP inhibitor have been shown to have less LV dilatation after MI. 45, 46 GM-CSF has been reported to enhance expression of MMP-1, MMP-9, and MMP-12. 47, 48 Collagen content was lower after MI in romurtide (GM-CSF inducer) treated rats than controls, hypothesizing that excessive infiltration of inflammatory cells may result in imbalance of extracellular matrix synthesis/degradation resulting in adverse LV remodeling. 21 Therefore, binding of GM-CSF might lead to decreased expression of MMP and less LV dilatation after MI. This proposed mechanism may in part explain the clinical side effects seen with GM-CSF subcutaneous delivery in patients. GM-CSF has been used as a prophylactic therapy of infection in immunosuppressed patients. 49 The drug has been described to have several side effects, 50 including deleterious effects on cardiac function, specifically LV end diastolic diameter measurements, cardiac output, and EF. 51 In other studies, GM-CSF delivery has been reported to result in significant angiogenesis within mouse models of acute MI. 52 These preclinical findings have been supported in clinical studies where subcutaneous delivery of GM-CSF has been demonstrated to result in collateral growth promotion in patients with coronary artery disease. 53 However, in these same clinical studies, GM-CSF treatment may also have caused atherosclerotic plaque rupture possibly due to its proartherogenic action through its FIGURE 3. Representative immunohistochemistry results from CD68 antibody (activated macrophages) for anti-GM-CSF-treated heart (left) and NaCl-treated heart (right). Scale bars = 100 mm. MCP-1 elevating effect. 16, 53 To date, a number of clinical trials using GM-CSF or G-CSF have been stopped early due to safety concerns. 53, 54 Both GM-CSF and G-CSF have been labeled as ''Double-Edged Swords.'' 55 Although both of these compounds have been shown to be strong angiogenic, or arteriogenic factors, they also have robust proinflammatory and procoagulant effects. 56 In this study, anti-GM-CSF-treated animals had significantly fewer activated tissue macrophages present in comparison to saline control animals. We did not discriminate whether the anti-GM-CSF was inhibiting migration of macrophages into the damaged myocardium or if the activity was to inhibit the activation of tissue macrophages. Nevertheless, significantly fewer CD68 positive (activated) macrophages were detected in the damaged myocardium and these anti-GM-CSF-treated animals had significant reductions in infarct size suggesting a more favorable myocardial remodeling process, postinfarction. Furthermore, anti-GM-CSF-treated animals demonstrated improvements in LV EF thus suggesting the anti-GM-CSF treatment was effective in mitigating a loss of LV function and decreasing the presence of inflammatory cells in the damaged myocardium. We did not detect any significant differences between anti-GM-CSF-treated animals and saline control animals with respect to microvascular elements in the damaged myocardium. These data suggest that inhibition of GM-CSF activity may be beneficial in the prevention or treatment of heart failure after MI.
